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Status of the ckvclopmcnt of rcchal<gcable  lithium cells

G .  Ilalpclt, S. Surampudi,  l). Shc.n, C - K  IIrrang, S. Nalayanan,  1}. Vamos  and 1).
I’cllcrnc
Jet I’ropdsion  I,oboratory,  Col~ortiia  Institute of 7echpology,  Pasadena, CA 91109 (USA)

Abstract

‘1’hc p] ogl css in the cicvcloprncnt  of the ambient tempc]ature Iithium  titanium disulficlc
rcchar~cab]c  cdl uncfc] dmwlopmcnt  at the Jet P1-opulsion I~boratory is dcscribcd  in this
paper. Originally aimed at achieving a specific energy of 100 Wd@ ‘AA’ CCIIS have
dcmonstl  atcd  j 25 Wh/kS at [Iic C/3 dischalfy rate. ‘J’hc results of evaluating cell design
parameters are discussed and cyclin:. test data arc also included in the paper. Safety-tests
rc.suits at various ovc]chatgc  and ove,rdischargc  conditions and rates p]ovcd  to bc. uncvcntfrrl.
‘J’hc tcsl  results of ccl] with built-in ovmchar~,c rnccharrism proved tllc  concept was feasible.
Replacing the litl,ium  foil clectrodc with a 1.iAC I esulte.d in a capacity at 1 IIMVCII)2  of
200 n)Ah/g and 235 n)Ah/g at 0.167 mA.

lntrodoction

Ambient tc.mIJcrat  urc litl]iurw  titanium ctisrrlfidc. (Ii- l’iS2) rccl]argc.abIc  CCIIS  have
LIC.CII  under clcvcloprucnt  at the Jet IJjopulsion I aborato~y (J}’] .). ‘1 ‘he, cftort sponsol ccl
by Cklc C at NASA Ile.adquartcls is airnccl at high slxcific energy Icchargcatrlc CCIIS
tliat call  ~cducc, mass, ancl/ol  volLIInc and or inclcasc mission capability in planetary
spacccl-afl  appl ica t ions .  I’hc rlcccl fo~ a lo)]g cycle. Iifc Iitltium  rccllargcab]c batlc.ly
has  also bcc.n a p,oal of tl]is  cfforl. ‘lhc program goals  were. 100 WII/k~, J 000 cycles
at SOYO  Clcr)l]l-of-disc] ]ar-gc at the C/5 rate, five. years of active stoxaf,c  life ancl safe
undc]  electrical abuse conclitions.

I’hc approach has tree.n to prcj)arc matcxials, components and CCJIS to F,ain all
understanding of how the validations in clcsi[:n, composition and structure aftcct
performance and life. I)uring the dcvclo]mcnt a nurnbcr of cathoclc  rnatcrials  wc.rc.
studied in a camprchcnsivc  c.valuation  procc.ss  bcfol c sckxtinp,  titanium dis llfidc  for

@
its sI)ccific  energy and cycle-life ~pahility.  More than 75 different and solvcn  mnbinat ion
elect rolytcs  were subjcc[cd to complex impcdancc.j  rnicl ocalol  imct~y and elcct~ochcmical
rncasur  cmcnts before. sc,fccting  a solution of Z-ll]ctllyltctrallyd  l”oflll an/ctllylcnc carbonate/
?.-nlcthylfuran  (2-Mcl’111/fl~,CJ2-McI/)  cc}~l(ainin~ 1.5 M of lithium hcxaflrroroal  scnale
(1 .iAsI’G).  l’hc initial evaluation CCIIS  were a )S0 n~Ab s},iral-wound  dcsijyl.  3’IICSC
were. scaled-up to 1 -Ab sim spir al-wound cells. ‘1 hc volume of clcctrolytc,  was found
to bc essential to lonS life.

I’hc objectives of this cll’ort were to dc.tcrminc.  the c.ficct of stack cornprcssion,
OVCI  charge. ]]rotcction and c.lcct rical  abuse on the pc]  for mancc and safety of the I /i- l’iS2
CCII.  Aclditionall; an altc]l]atc l.i, C clectloclc, ~jlcparcd from conmcrcial fyaphitc,  was
evaluated as a ~cplaccrncnt for lithium fc)il as the. anode.
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l’crfornmncc

Iixarnplcs  of the pcrformanc.c of  these  cc.lls is f@cn  in liigs.  1 to 4. F’igurc 1
shows (11c voltage on charge ((;/1 O) and dischal gc (C/5). Charge is temninatcd at 2.5
V and discharge at 1.7 V. ‘J’hc sloJ~itlg volta~c has  the advantage of Jnovidirrg  a measure
of state,-of-charge. I;ig, urc 2 provides a measure of the specific energy at val”ious
discharge rates. Note that tllc 1-Al) cdl achic.vcd  a specific cncr-py of greater than
125 Wh/Kg  at rates as high as C-’/2. Ficurc.  3 illustrates 965 cycles achicvcd at 5 0 %
cicpth-of-disc]  large  (to 22 V) in a cell comprising the 2-Mc’1’J IF/JX/2-Mcl~/J ,iAsl~6
clcclrolylc and a ca[hodc:anodc  ratio of 4:1. ‘J’hc. cycle life. at 100% depth-of-discharge
(to 1.7 V) shown in l’ig. 4 was 335 cycles. ‘1’his is not significantly Icss than that
achicvcd wi th  conmcr-cial  Ni- Cd CCIIS.

Cdl  design  parameters

l’hc pararnctcrs addressed during the dcvcloprncnt process this year included:
pack  thir,htncss,  final selection of clc.ctrolytc  composition, sc}>arator  ty[]c, clcctrodc
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}ig. 3. Qclc life of a 1 &l’iS2  ccl] at 50% depth-of-riiscl)  ar~c.
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I13g. 4. Cycle life. of a I.i-l’iS1 cell at 1 DO% de.pth-of-dischar~c. -&@A

capacity ratio and case polarity. Moxc than 100 cxpcrirncntal  1-Ah spiral-wrappcp @ !+Gv’”a

CCIIS WCI c. asse.rnblccl in house and 50 ‘AA’ (1 Al])  CC.l IS were procure.d f~ on) IHC  to
dcte.r mine t ])e. cffc.ct of t~Icsc I)aranlcte.rs  on t )c~formancl..

@
,

I’l)c  effect of valying  the ~)acli ti~lltncss  011 cnd-of-clischisrgc  voltage is ~ivcn in
];ig. S. ‘J?]c pack was tightened using a 10 mi] I’cflon  sheet wrapped around the spiral.
~’hc ti@t J>ack utilized two Iaycrs  around the spiral, l]IC mcdiunl  one  Iayc]-  and the
Ioosc.  pack did not usc a Teflon Iaycr.  AlthouF,l] there is a sisoificant cliffcrcnce.  in
[hc c.al ly cycles, the pc]  formancc appears to bc similar aftcl- 2.50 cycles, probably
bc.cause of the cxpausion of the cathode and film on the lithium foil. IIowcvcr, the.
tight  pack volta~c was higher thrcmgl)out  and thcrcforc was Judze.d to bc a superior
mnfif.ulation.



.
Elsovior  Sequoia S. A., k. 5c4,  1001 Lnusermo  1, S*ocland “

“,

[ .1

IN ALL CORRESPONDENCE
CONCERNING 1}[1S F’APER

Journal of Power SOUrces  __ _._. _.

['%i!:[:3sEiNl:'l: YERco'y!:_'`--`-:-'  "''-ia`csl<+o::`:::;;;;
Only typographical correction will be  accepted  a-tllfi-;  s~nge~--” . .

4

2.2 --- - .

1

41.6,.~-.+.--~-+...l  .,. .1. ’.4’’’’}’”  ‘1’’’’1”
o 50 100 150 L 200 250 300 350 400

CYCL[ S

l~i~. 5. l;ffc.ct of pack tightness on el)d.  of-clisct,argc  voltage.
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I;iF,. 6. l;.fleet of scpaIatol 011 c.nd-of-ciiscl,  atgc. voltage..

l<CSU1[S of tlIc  cvaluaticrr,  of four diffc.mnt  sc.pa~ators  is shown in I:i&. 6. The.
CMp.ard  micl  oporous polycthylcnc  and polyp xopylc.nc  appear (o provide si]nilar re,sults.
l"ttcll~iclolJorol]s~  ~olyjJlo I)ylcilc.w  assclcctcd tol[li[lill~i~,c tl]c. litlliu]lld ct~dritcgrowtl].
~’]lc.thmua!  scJ)aiator, awax-coatcci J>o@opyicncnla tc.rial,was sclcctcd tocvaluatc,
tllc Jnopcrtic,s  of a separator that would scwc as a fuse and shut down t}lc cell if
(lie  tcmpc.raturc.  Lrccamc utlsafc. ‘l-hem also p]ovidc.d  more than 400 cycles at 50%
deptll-of-dischalge.

q’hcsummalyof thedcsifyp alanlctc] stocfy, ”includingw orkplcviouslyp crformcd
isgivcninl”able l.l’llca nodc,:cathoclcr atioof4:l has  bc.cn shown  toprovidc  consistent
long-cycle-lifccclls. “I’lllc.c clc.ctrolytes including that dcsciibc.d  above have plovcn to
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Czll  clcsify  pararnclcts

1 ICsi.ry)  paralllctcrs Variations
. .——. .  . .  ———. ——— .—.. —

Anode to cathode capacity ralio 4:1
I’ack li~htncss ti~hl
q’ypc of clcclrolytc 10% IK+ 88% 2-hfc’l’111~+ ?.% 2-MeI:

Salt: 1.5 M I,iAsI/c ‘J’JIF+  2-MC’J’111; -I 2% 2-McI?
I)1OX-I  2-Mcl”l  Il~+ ‘1’111’+  2% 2-McI’

Quantity of clcclrolytc 6 C1113
Separator n) icropotous polypropylene

nJicroporoLls  polyethylene
llirrrlcr concentration 1 W1.YO
Case. polarity floating or positive

I lC ethylene ca]bonate;  2-Mc”J’I 11;: 2-n)cthyltctrahy  droftman;  2-McII’:  2-nm.thylfuran;  1’1 IF: tc-
trahydrofuran; 1)1  OX:  D; CJy o [afi& .

capable of providinp, long  life.  On]y  6 cm3 of the clcc(rolytc were found  to be nccmsary.
l’hc optimum c.tllyIcrlc/lJropylcllc/dic;]c  lcrpolymcr binder in the ‘J ‘iS2 cathode was
fcmnd (o be 1 ~0. ‘l”hc.r c was Iittlc. cfiffc.Ie.r  Lcc
positive polarity.

Safely  evaluation tcsfs

Iixpcrirncntal a n d  IHC )-A}} rxtls WCJC

ill pcrfo~mancc with a floating or case

subic.c(cct to shol  1, c i r cu i t ,  ovc.rcbarfic.,
ovc.r  clischargc,  and colnbinations  tlIc.r c.of. ‘J’l Ic. J csults of the shor l-ci~cLlit test is give.n
in l~ip,. 7. Pc.ak curlcnl rose. to 25 A within 2 min  and then rtloppcd to near zero
CIMICI1(  inuncctiatcly  aflc~.  ‘l”lIc tc.r]lJ~claturc. follovmd  the CLIIIC.LI(,  rising 10220 O1; (102
‘~), then taJ>cring to 95 O1; (33 ‘Cl) within 30 min. Tltcrc wcm no vcn(ings,  c.xplosions
o] otbcr safety incidc.nts  du]ing (lxx tc.sts. “J’able 2 p~ovides  a surnmaly  of t}lc results
of ir~actvcr(cnt clc.ct I ical abuse (CSIS wliic.1] OCCUI  rc.d CIUI in~ CC1l testing when a computcl
failc.d. Ikcll aftc.r ovcrcharcinp,  five tilnc.s allrl over dischargil,~  tcn times the capacity
after 200 to  500 cycles ,  (IIC cells wcIc in tact and dicl not vent. ,

Ovcrcbarty protection studies

l;rorn  an opcra(ional  point of vic.w, cells in a sc,rics  string rc.quirc  overcharge
protection to prevent a cdl fl on) trcinc ove.rcl]argcct  when dcgl  acfation  results in cell
irntralancc  in the string. Ni-~d CCIIS  utilize their illhcrcnt oxygen recombination caJ)atrility
to allow cells in a string to be balanccrt duIing ovcIcllargc. I ,ithiunl  Iccha)scablc cells
CIO not inbcrcntly have this capability. I’hrcc additives were included in 1,i-l’iSz  CCJIS
(o c] catc a shutt[c ]caction that could Iu ovidc ovcIcllargc protection. l’ctt acyanocthylcnc,
N--butylfcr~occnc,  suggcstc.cl by 1 H(2 a n d  J1’1 .s tctramctllylpbcuylcn  cdiaminc WCIC
evaluated. l~igu  Ic 8 shows the. rcsmlt of addinc tctlarrlcthylpbcnykncdiarninc  to a cdl.
‘J”hc additive proviclcd  10 to 15% capacity at 2.9 V thus protcctirrg tbc cdl during
that pcIiod. T’ctracyanocthylcnc dici not provide adequate protc.ction.  N-butylfcrloccnc
from, early rncasu~ cmcnts aJ)Jmars  to be com])arablc to or trcttcr than tctrarncthyl -
l>llcr~ylc.l)cdiarl~irlc.
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Fig.  7. Short circuit of a 1 Ah ‘AA’ 1.i-’J’iS2 ccl].

‘1’AIII .1’.2

I<csulls  of electrical abrssc.  tests  on 1 .i “J’iSz cells

200 cwe.r  clia  rfp (710
400 crvcrcharfic CM o
550 overcharf,c cm o
400 ovc[dischargc m
500 ovcrdischarf.c m

Abuse (%)

400
Soo
500

1000
1000

livcnt

none
llonc.
none
n o n e

none

lithium< artron anodes

Rc.J]laccnmlt  of Jithium  foil clcctroctc.s  with an altcrl]ativc lithium anode to cnhancc
safety has trccn  of intcrcs(. I’tw  pcrforlnancc. talgcts for this material were 250 mA}d
g and >2 nA/cn12  with good mechanical stability. Onc of areas J1’I.s. c. ffort  has cmtcrc.d
on is the ctcvcloprncnt  of a lidtiunl-calboll alloy (1 ,i,~). Several  calbon rnatcrials,
inclu(iing  pitch coke, pc.trolc,urn mkc, gra]]hitc fiber and g]aphitc WCIC cvalua[cd as
potential candictatcs.  ‘J’hc. rate. capability of 1.iz<; usill~  the fyaphitc n~atclial  is shown
in l’able. 3. At 1 nIA/Cn)2  a capacity of 200 JnAh/g  was achicvc.d.  At the Jowcr  ,x atcs,
hip,hc) capacities to 235 n~A1l/g wc.rc foul]d.  A dischatgc. curve is given in I;i?,. 9. As
cxpcctcd, the voltage of this cxpc]-imcntal  CCII was below (11c Iitl]ium  foil clcctroclc
cells. The 1.i,~  c.lcctrodc  was only 72 nlV  below the Iitl]iom  CICC1:OCIC  potential at
tllc start of the dischal Sc and inc~cascd  to 264 )uV at the cnd of tl]c  cJiscllargc.  ‘J’lIus,
it had a discl]argc  curve compalablc  w’itll that of the lithium foil CCIIS.

.
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70-75% of theoretical capacity (stabilized in five cycles); (ii) ovcrcllarf,e  pclformanec;  (iii) 25
cycles with stabilized capacity, compatible with the cell, and JO 15% overcharge protection at
Ihc normal charge rate. .
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l{atc  capability of a I.i,C anorlc
. . . . . . . .
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I~i~,. 9. 1 ~isehar~c  curve  of  a 1.i.C- “J’iS, cdl.
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Summary

Arnbicnt  tcmpcxatur~  mchargcablc 1.i- l’iS2 cz.lls have demonstrated a capability
of  125 Wh/kg  at rates gtcater tllr+n C72 and irlmost  1000 cyc les  a t  50% dcpth-of-
discharge. l~csign  studies identified that a ti@t pack provided a more consistent ancl
higher operating voltage. Miclopolous  po]ycthylcnc or polypropy]cnc  were found to
bc suitable as separator material. “1’hc clcctrolytc.  and anodc:cathodc  rat ios  among
other parameters were also spccificd.  Significant electrical abuse did not result in a
venting or explosion. Ovcrchalgc l]rotcction was shown to $l~mssiblc i n  t h e s e  cztls. x
A I,i6C alloy was found to bc a suitable ~ cplaccrncnt  for lithium foil with predictable
rcdoction in specific cncr-ry  for the. 10SS in lithium rnctal.
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